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Abstract 
The loss of water and fat in cod and salmon muscle 
was studied as a function of heating temperature from 
5-7o•c. The liquid-holding capacity was measured by 
a low speed centrifugation net test leading to the separa-
tion of released liquid. To obtain a better understanding 
of the liquid-holding properties, the microscopic changes 
of the samples were evaluated by light microscopy. 
Two different preparation techniques were used . Cod 
lost twice as much water as salmon upon beating. After 
an initial delay , the water loss increased at 20-35°C, 
attained a maximum at 45-50°C, and thereafter de-
creased in both fish species. Salmon muscle was more 
heat-stable than cod muscle. Since the main structural 
changes appeared in the connective tissue at low temper-
atures (5-40°C), the water loss at these temperatures is 
probably mainly due to denaturation and melting of col-
lagen. The maximum water loss was attained when the 
muscle cell shrank due to denaturation of myosin. The 
reduced water loss at higher temperatures (50-70°C) is 
probably caused by aggregates of sarcoplasmic proteins 
stabilizing the aqueous phase. 
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Introduction 
Fish is usually consumed after beating and should 
preferably not only be tender but also juicy. Juiciness 
is related to water retention. Little fundamental work 
has been carried out with regard to the mechanism of 
liquid release from fish muscle upon heating. It has 
been reported, as reviewed by Aitken and Connell 
(1979), that the cooking losses vary greatly with the fish 
species and the cooking method. Aman (1983) found 
that the water-holding capacity of cooked mullet was re-
lated to solubility changes of the myofibrillar and sarco-
plasmic proteins. Lipid and water together make up 
about 80% of the fish muscle (Suzuki, 1981). The free 
water in muscle, about 90% of the total water, is held 
by capillary and surface tension forces mainly in intra-
cellular locations. The water-holding capacity of muscle 
is highly influenced by structural changes in the pro-
teins: fibril swelling-contraction and the distribution of 
fluid between intra- and extracellular locations (Offer 
and Trinick, 1983; Schnepf, 1989). Thus, a proper un-
derstanding of the water-holding characteristics cannot 
be obtained without a knowledge of the microstructure 
of the material (Hermansson, 1986). 
The flesh of teleost fish is constructed of adjacent 
muscle blocks, called myotomes, separated from each 
other by sheets of collagenous tissue called myocom-
mata. Within each myotome, the muscle fibers run ap-
proximately parallel to each other, linked at each end to 
the myocommata. In fish, this junction is formed by 
fine collagenous processors which have their origin in 
myocommata and which then proceed as sheaths to sur-
round each muscle fiber (Love, 1988). The ultrastruc-
ture of the rnyofibers was found to be similar to that of 
mammalian meat (Schaller and Powrie, 1972; Howgate, 
1979; Bello eta/. , 1981 ; I.ampila and Brown, 1986; 
Shindo et al., 1986). The cell envelopes and the junc-
tions between the muscle fibers and connective tissue 
have been studied by scanning- and transmission electron 
microscopy (AlmAs, 1982; Bremner and Hallet, 1985). 
The cell envelope is composed of three distinct layers. 
Innermost is the sarcolemma, which forms a continuous 
boundary to the cell. External to this is the amorphous 
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basement membrane. Outermost is a fibrous layer ap-
proximately 600-1100 nm thick, which consists of fine 
collagenous (reticular) fibrils, i.e. , the endomysium. 
The endomysium runs into the surrounding perimysium, 
which in fi sh, as mentioned above, emerges from the 
myocommata. In this paper, no distinction is made be-
tween the endomysia! and perimysial layer but they are 
referred to together as the pericellular layer. 
When mammalian meat is heated, the fibers shrink 
in the transverse direction at 40-6o•c (Offer et al., 
1989). This widens the gap between the fibers and their 
surrounding endomysium and increases the amount of 
water released from the muscle. In meat , the collagen 
network shrinks at 60-7o•c due to denaturation. This 
shrinkage will greatly increase the pressure on the aque-
ous solution, causing it to be expelled more rapidly 
(Hamm, 1985; Wilding et al., 1986). However, fi sh 
collagen (3% of total muscle protein), which contains 
less proline and hydroxyproline than mammalian colla-
gen, is less thermally stable and more easily soluble than 
mammalian collagen. Thus, in fish muscle, the temper-
ature at which thermal shrinkage and denaturation of 
collagen occur is generally lower than in mammalian 
muscle (Sikorski et al., 1984). To our knowledge, very 
little attention has been paid so far to the role of col-
lagen in determining the water-binding properties and 
cooking loss of fi sh. 
Relatively few reports have dealt with heat-induced 
structural changes in fish muscle. Charley and Goertz 
(as reviewed by Howgate, 1979) reported that light mi-
croscopy revealed some disintegration of fibers in salm-
on pieces heated to 70°C. In addition, fibrous connec-
tive tissue became granulated and jelly-like whilst a con-
siderable dispersion of fat globules occurred within the 
tissue. Schaller and Powrie (1972) found, by scanning 
electron microscopy, that the visible damage of the myo-
fibers were more apparent in heat-treated trout compared 
to beef and chicken. Corresponding observations were 
found in thermally processed tuna muscle by Lampila 
and Brown (1986) . Sarcoplasmic proteins, and probably 
collagenous material and other constituents were present 
in the interstices between the shrunken muscle fibers and 
the endomysium when the tuna muscle was heated to 
6o•c. Hatae et al. (1984, 1990) and Kanoh et al. 
(1988) compared heat-induced textural and optical mi-
crostructural changes of muscle fibers from five differ-
ent fish species and dark and white muscle from yellow-
fin tuna, respectively. Their results indicated that drip 
loss and textural differences between fish species and 
dark and white muscle when heated are due to the differ-
ent amount of sarcoplasmic proteins coagulated in the in-
terstitial spaces and/or differences in the fiber diameter. 
In these previous works, the water-holding capacity and 
morphological properties of fish muscle have been meas-
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ured either on raw fish or on cooked fish. No studies 
have so far concentrated on the structural changes within 
the muscle during heating. 
Both cod and salmon are highly valued as food. 
The present work was undertaken to elucidate the rela-
tionship between microstructure and the liquid-holding 
properties of cod and salmon muscle. Owing to the low 
thermal stability of fish muscle proteins, emphasis bas 
been laid on liquid-holding properties as a function of 
temperatures from 5 to 1o•c. The microscopic changes 
of the samples were evaluated by light microscopy. To 
assess these changes, both cryo-sections and plastic sec-
tions of the samples were performed. To our knowl-
edge, micrographs of fish muscle prepared with these 
techniques have not been published before. 
Materials and Methods 
Materials 
Farmed cod and salmon were slaughtered and kept 
in ice for 2 days, until the resolution of rigor mortis and 
the muscle had softened, and then filleted. Each speci-
men was collected from the same sea netpen to minimize 
differences in feeding conditions. The fish used, 18 
salmon and 30 cod, were of almost the same size and 
chemical composition. The average length of the cod 
was 0.72 ± 0.05 m and that of the salmon 0.61 ± 0.06 
m, whereas the average weight of the headed and gutted 
cod was 2660 ± 470 g and that of the salmon 2460 ± 
660 g. Cod white muscle meat contained on average 81 
± 0.5% water, 18.4 ± 0.6% protein and had a pH of 
6.22 ± 0.04. Salmon contained 69 .8 ± 1.3% water, 
19.3 ± 0.2% protein, 10.5 ± 1.5% fat, and bad a pH 
of 6.41 ± 0.05. These relatively low pH values are due 
to high concentrations of glycogen in the farmed fish 
muscles at the time of slaughter (Rustad, 1992). The 
proteins were determined by the Kjeldahl-method, and 
fat by the Soxhlet-method. 
Liquid-holding capacity 
Fillets from 5 specimens of cod and from 3 speci-
mens of salmon were coarsely chopped in a precooled 
Stephan mixer (121) for 3 x 5 seconds. The temperature 
of the minces after chopping were 4-5•c. The liquid 
loss, measured as the percent of weight released per 15 
gram of sample, was determined according to the net 
test described by Hermansson (1986) . The samples 
were either directly centrifuged at 5 °C or heated, in a 
metal tube with a rubber stopper at each end, at a rate 
of I •ctmin to the required temperature, held at that 
temperarure for 10 minutes and then cooled to 1o•c by 
keeping the metal tubes under running tap water for 30 
minutes. The samples were transferred to centrifugation 
tubes and thereafter centrifuged at to•c . The samples 
were heated to 20, 30, 35, 40, 45, 50, 55, 60 and 1o•c. 
Heat-Induced Liquid Loss and Structural Changes of Fish Muscle 
The temperature in the core of the sample was monitor-
ed during heating, by a temperature sensor brought 
through a whole in the middle of the upper rubber stop-
per of the metal tube. According to the net test, the fat 
and water loss was determined after mild centrifugation 
(210 x g for 15 minutes). Mean values were calculated 
from 4 trials of 6 replicates at each temperature. 
Preparation or samples for microscopy 
Both whole muscle and coarsely chopped muscle 
preparations were investigated. Blocks of whole muscle 
of approximately 15 g were taken from the fillets at the 
level of the dorsal fin and heated, as described above, 
parallel with 15 g of the coarsely chopped muscle. 
Samples were processed after 30 minutes of cooling to 
l0°C, except the 5°C-samples, which were either re-
moved directly from the fillet or taken immediately after 
chopping. To assess the microscopic changes during 
heating, two different preparation techniques for light 
microscopy were performed. Both techniques were used 
for all samples, and the few micrographs presented here 
have been chosen out of many. The prepared samples 
were examined with a Nikon Macrophot Fx microscope. 
Cryo-sections. Whole muscle blocks and blocks of 
chopped muscle (0.5 cm3) were frozen in liquid nitrogen 
and stored at -80°C prior to sectioning. The samples 
were sectioned frozen at -22°C. A Leitz cryostat was 
used, and 10 p.m thick sections were cut, fixed in 
Bouin 's fluid and thereafter stained with aniline blue and 
Orange G (Hermansson and Jordansson, personal com-
munication). 
Plastic-sections. Fixation was carried out in 
2.5%/1.0% glutaraldehyde/formaldehyde with 0.2% glu-
cose in Ringer's buffer (pH 6.8), dehydrated with eth-
anol and embedded in Historesin (LKB) as recommended 
by the manufacturer. The sections were cut 1.5 p.m 
thick in a Reichert-Jung Ultracut E using glass knives. 
The sections were transferred onto glass slides and 
stained with a modified Polychrome-method 
(Hennansson and Kidman, personal communication). 
Results and Discm;sion 
Liquid-holding capacity 
Numerous factors, both intrinsic and extrinsic, will 
influence the liquid-holding capacity (LHC) of the mus-
cle tissue. To collect data on LHC sample characteris-
tics, handling procedures and methodology need to be 
accurate and reproducible. Not only do the chemical 
composition and pH of the fish muscle influencing the 
LHC vary from individual to individual, but the chemi-
cal composition differs within the head and tail regions 
of the fillet (Love, 1988). To avoid these differences, 
the liquid-holding capacity was measured in coarsely 
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Figure 1. Water loss (% by weight) as a function of 
heating temperature of coarsely chopped salmon (solid 
circles) muscle and cod muscle (hollow circles) accord-
ing to the net test. The bars give ± standard deviation. 
chopped fillets from several individuals in each trial. 
Figure 1 shows the water loss measured by the net test 
for cod and salmon as a function of heating temperature. 
The water loss was almost constant for both fish species 
between 5 and 30°C. After the initial delay, the water 
loss increased rapidly as a function of temperature, 
reaching a maximum at 45-50°C, thereafter the water 
loss of both fish species seemed to decrease. Aitken and 
Connell (1979) reported that fish steamed for up to 45 
minutes lost between 20 and 30% liquid, and that the 
loss from cod appeared to begin at around 32°C after an 
initial delay. 
Generally, the liquid loss is more than twice as high 
for the chopped cod muscle than for the chopped salmon 
muscle regardless of the treatment. The protein content 
of the salmon muscle was slightly higher than that of the 
cod muscle, but correction for the water loss due to the 
protein content does not essentially affect the above re-
sult. The main water loss for cod started at about 30°C 
and for salmon at about 35°C. The maximum water 
loss was observed at a lower temperature (45°C) for cod 
muscle than for salmon muscle (50°C). These results 
may indicate that, under the experimental conditions 
used, the muscle proteins in salmon are more stable than 
in cod. According to Hermansson (1986) and Honikel 
(1989), the pH of the muscle will highly influence its 
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Figure 2. Liquid loss(% by weight) as a function of 
heating temperature of coarsely chopped salmon muscle. 
Total liquid loss (hollow circles), water loss (solid 
circles), fat loss (crosses). 
water-holding capacity. A pH closer to the iso-electric 
point of the myofibrillar protein will increase the pro-
tein-protein attraction due to less negative charges of the 
amino acids of these proteins. The water-holding capac-
ity is consequently reduced. The average pH of cod and 
salmon was 6.22 and 6.41, respectively. Some of the 
observed differences between cod and salmon muscle in 
the ability to hold water may therefore be explained by 
the different pH values of the samples. 
The total liquid loss of salmon was separated into a 
water fraction and a fat fraction which were weighed. 
Figure 2 shows the total liquid loss, water and fat loss 
as a function of temperature. The main liquid loss is 
water. Easily separable fat in the liquid fraction was 
first observed at 40°C. At 6o•c, about 40% of the total 
fat content in the muscle was lost. 
Heat-induced structural changes 
Heat-induced structural changes in muscle from cod 
and salmon, related to the liquid losses, have been stud-
ied as a function of temperature. Samples were taken at 
various stages of the heat treatment from 5 to ?o•c. 
Coarsely chopped muscles were solidified in parallel by 
freezing or by plastic embedding . Structural changes 
observed with the two techniques were compared. To 
find out if the structural changes observed in coarsely 
Figure Legends for Color Plates 
Figure 3 (on page 167). Cryo-sections of coarsely 
chopped cod muscle at s•c (a) and heated to 30°C (b), 
4o•c (c), 4s•c (d) , so•c (e), ss•c (1), 6o•c (g) and 
7o•c (h) . The muscle proteins are yellow and collagen 
is blue. 
Figure 4 (on page 168). Cryo- and plastic sections of 
coarsely chopped salmon muscle. Cryo-sections of un-
heated muscle, s•c (a) and heated to 4o•c (b), so•c 
(c) and 60°C (d) . The muscle proteins are yellow and 
collagen is blue. Plastic sections of unheated muscle, 
s•c (e) and heated to 4o•c (1), so•c (g) and 6o•c (h) . 
The muscle proteins are bluish-red and collagen is blue. 
The arrowheads in Figs.4(e), (I) and (g) point to posi-
tions of emulsified fat. 
Figure 5 (on page 169). Plastic sections of whole mus-
cle of cod at s•c (a, e) and heat-treated to 4o•c (b), 
45•c (c), 6o•c (d) and ?o•c (f, g). Differential inter-
ference contrast optics is used in Fig. Sg. The muscle 
protein is bluish-red and collagen is blue. The arrow-
heads in Fig. Sb point to positions of gaps in the pericel-
lular layer, in Fig. Sd point to detachment of the periph-
eral myofibers from the sarcolemma, and in Figs. Sf and 
Sg point to ruptures in the cellular membrane. 
chopped model-systems were representative of the 
changes in intact muscle, whole muscles were embedded 
in plastic and examined. The micrographs presented 
were chosen out of many and illustrate the most typical 
heat-induced changes. Cod and salmon muscle under-
went almost the same structural changes. Therefore 
micrographs of one of the two species were chosen. 
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Structural changes of coarsely chopped muscles. 
Structural changes as a function of temperature in cryo-
sections of coarsely chopped cod and salmon muscle are 
shown in Figures 3a-h and 4a-d, respectively. In the 
aniline/orange G method, muscle fibers are stained yel-
low and collagen is stained blue. All the micrographs 
show both relatively intact muscle cells and cells disinte-
grated by chopping. Pieces of myocommata (dark blue) 
can be seen in Figures 3a, b, e and h. 
At soc cross-sectioned, intact muscle cells are sur-
rounded by thin blue, collagenous sheets (Figs. 3a and 
4a). However, gaps can be seen between the cells. 
This may be due to post-rigor spoilage, damage caused 
by chopping, or growth of ice crystals during freezing. 
In addition, swollen or melted collagen can be seen as a 
light blue film between the cod muscle cells in Figure 
3a. The pericellular layers have begun to swell out and 
the intercellular collagenous film has aggregated when 
heated to 3o•c (Fig. 3b) . The water loss of cod has 
increased correspondingly, after an initial delay (Fig. 1). 
Heat-Induced Liquid Loss and Structural Changes of Fish Muscle 
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Schaller and Powrie (1972) observed that the connective 
tissue between fibers from chicken muscle ft.rst underwent 
swelling before shrinkage occurred. At 40°C the water 
loss was considerable for both fish species. At this tem-
perature, the collagenous layers have completely lost their 
linear appearance (Figs. 3c and 4b). The extracellular 
spaces have increased and breaksge of the pericellular 
layers concomitant with shrinkage of the myofibrils has 
occurred at increased temperatures (Figs. 3d-hand 4c-<l). 
Severe shrinkage, transverse to the ftber axis occurred at 
45°C for cod (Fig. 3d) and at so·c for sahnon (Fig. 4c). 
Maximum water loss was obtained at these temperatures . 
Intracellular gaps appeared at so•c (Figs. 3e-h, 4c, d). 
This is in accordance with the observations made from 
scanning electron microscopy (Schaller and Powrie, 1972; 
Lampila and Brown, 1986). Both transverse fractures of 
the myofibrils at the Z-<lisc and gaps at the level of the 
H-zone occurred in heat-treated trout muscle. The sarco-
meres were much shorter than in unheated samples, and 
large spaces developed between each structural unit 
during thermal processing of tuna muscle. 
The water loss increased as function of temperature 
and reached a maximum at 45 and so•c for cod and 
salmon respectively. Above this temperature the water 
loss decreased. The average amount of solubilized pro-
teins in the released liquid decreased at the same time; 
from 8.7% at 45"C to 4.2% at 70"C in the cod samples 
and from 9.3% at so•c to 6.3% at 70 °C in the salmon 
samples. Simultaneously, granulated material in the in-
tercellular space of the muscle fibers became visible 
(Figs. 3e-h, 4c-<l). The color of the granulated material 
is blue-yellowish or brownish, as expected if it is a mixed 
phase of collagenous (gelatin) and sarcoplasmic proteins, 
as previously proposed (Schaller and Powrie, 1972; 
Lampila and Brown, 1986; Hatae et al., 1990). With 
specific fat staining (not shown) it was possible to see that 
a considerable amount of fat globules was dispersed with-
in the intercellular gelatinized material of the salmon 
samples, as described by Howgate (1979) . 
The typical thread-like collagenous structure is. how-
ever. clearly evident in the piece of connective tissue. 
probably myocommata, shown in Figure 3e. whereas at 
7o•c (Fig. 3h), the myocommata! fraction has gelatin-
ized. This indicates that the myocommata! fraction is 
more heat-resistant than the pericellular fraction . Differ-
ences in types of collagen within pericellular and myo-
commata! connective tissue may result in slightly different 
properties and stabilities of the collagen (Sato et al., 
1989). Histological and electrophoretical studies have 
previously shown that pericellular connective tissues and 
the fme network which connects myomers to myocom-
mata were degraded and thin collagen fibrils in these 
tissues disappeared during chilled storage. On the other 
hand, myocommata and thick collagen fibers were still 
evident (Bremner and Hallet, 1985, 1986; Hallet and 
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Bremner, 1988; Ando et al. 1991; Sato et al., 1991). 
Comparison or preparation techniques. Cryo-sec-
tions and plastic sections were made in parallel to rule out 
possible artifacts obtained by prepatation. The advantage 
of cryosectioning is that it is relatively easy to perform 
and well suited for a large number of samples. The 
disadvantage is that the microstructure may be damaged 
due to growth of ice crystals during freezing. To avoid 
this, coarsely chopped muscle blocks of both sahnon and 
cod were chemically fiXed, dehydrated and embedded in 
historesin. This technique gave the best resolution for 
light microscopy, and no freeze damage or mechanical 
redistribution was induced in the sample. The chemical 
fllUllion and dehydration used in this technique may cause 
shrinkage or affect the macromolecular phase, but such 
effects could not be seen from the resolution given by 
light microscopy. 
Cryo-sections and plastic sections of coarsely chop-
ped salmon muscle are compared in Figures 4a-h. The 
myofibers are stained bluish-red, while the collagen tissue 
is stained blue in the plastic embedded samples. The 
sarcoplasmic proteins, visible at 60°C (Fig. 4h) within 
the collagenous matrix, are stained red. Similar structural 
changes due to temperature are observed for the two 
different preparation techniques. However. the 
collagenous phase is better preserved by the plastic em-
bedding technique than by the cryo-sectioning. In Fig-
ures 4e-g gelatinized col1agen appears as a continuous 
phase between the muscle cells. Gelatin, which is dam-
aged by freezing, looks more ragged in the cryo-sectioned 
samples (Figs. 4b and c). Similar results were obtained 
with cod muscle. 
According to the specific fat staining of the cryo-
sectioned samples (not shown), the small uncolored spots 
encircled by a distinct blue line (indicated by arrowheads) 
may he emulsified fat (Figs. 4e-g). As far as we can see 
from these micrographs, there is no obvious correlation 
between the fat loss and the heat-induced structural 
changes in the salmon samples . 
Structural changes or whole muscle. Some of the 
observed structural changes shown in Figures 3 and 4 
may have been reinforced by the chopping, and a com-
parison was made between chopped and whole muscle. 
The microstructure of whole muscle of both cod and 
salmon was studied by sections solidified by plastic 
embedding. To visualize the observed tendencies, the 
most significant changes of whole cod muscle, as shown 
in Figures 5a-f, were chosen. Similar changes were ob-
served for the salmon muscle. 
A post-rigor transverse section of cod muscle, at the 
level of the dorsal fin, is shown in Figures Sa and e. The 
separation between cells is seen as small spaces with few 
and small gaps. The pericellular layer may he observed 
as a thin, threadlike sheet surrouoding the cells. 
Myofibrils are clearly distinguished as individual units . 
Heat-Induced Liquid Loss and Structural Changes of Fish Muscle 
Myofibrils of the centra] portion of the muscle cell are 
shown as small and well separated spots. The typical ar-
rangement of the myofibrils as bundles of ribbons around 
the periphery of the myofibers is easily seen at the higher 
magnification in Figure 5e. This is in accordance with 
the common pattern in fish muscle (Howgate, 1979; Bello 
et al., 1981). No swelling of the connective tissue could 
be observed in the 5"C-sample, unlike that of the chop-
pod sample (Fig. 3a). However, at 20"C (not shown) 
swollen/melted collagen could be observed in the whole 
muscle as well. The extracellular space was widened 
with increasing temperature, even though no shrinkage of 
the muscle cell could be observed. When heated to 
40"C, the myofibrils still keep their peripheral nbbon-like 
shape, and the inner myofibrils a1so appear as small sepa-
rated spots (Fig. 5b), but the extracellular space has in-
creased considerably . The pericellular layer is disturbed 
and has lost its ordered configuration, probably due to de-
naturation and melting of collagen. Gaps (indicated by 
arrowheads) can be seen within the pericellular layer, 
probably between the basement membrane and the outer 
ret icular, collagenous layer (Alnu\s, 1982; Bremner and 
Hallet, 1985). The main transition temperature (T max) of 
collagen, measured by scanning differentia] calorimetry, 
in whole cod muscle is approximately 42 °C at pH 7.0 
(Hastings et al., 1985). The water loss measured on 
heating to 40°C may therefore mainly be due to loss of 
configuration of the pericellular layer and breakdown of 
the connective tissue which then occurred. The relation-
ship between the observed spoilage of the pericellular 
layer and the water Joss between 5 and 40 °C is, however, 
not quite clear. In manunalian meat , thennal shrinkage 
of the collagen fibers is proposed to expel intracellular 
water (Wilding et a/., 1986; Harnm, 1985). A similar 
shrinkage of the collagenous layer compressing the cells 
could not be observed at the temperatures of main liquid 
release from either cod or salmon muscle. According to 
Sikorski et a/. (1984), the thermal contraction of fish 
collagen fibers is a rather rapid process taking place 
within a temperature range of 2 to 4 °C between 40 and 
45°C. The twisted blue threads in the extracellular ma-
trix, as seen in Figure Sc, is then probably shrunken col-
lagen fibers which upon further heating convert to gela-
tin. Shrinkage of collagen will, therefore, not explain the 
liquid released at temperatures below 40°C . Further 
stud ies must be carried out to demonstrate more clearly 
the contribution of the muscle collagen to the liquid 
released upon heating fish. 
Hastings et al. (1985) measured the main transition 
of cod muscle myosin (pH 7 .0) to occur at approximately 
45 °C, whereas T max of actin was 75 °C. Severe shrink-
age of the myofibers occurred at 45°C, corresponding 
with maximum water loss. The muscle cell shrunk trans-
verse to the fiber axis and deep invaginations and intra-
cellular cavities appeared where intracellular material may 
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have leaked (Fig. 5c). The observed shrinkage at 45"C 
is then probably caused by the denaturation of myosin. 
The increased water loss between 40 and 45"C (Fig. I) 
may be explained by the reduced water-imbibing capacity 
of the tightly bound myofibrillar proteins, which causes 
the immobilized cellular water to move and flow out at 
low pressure (Offer and Trinick, 1983; Hamm, 1985). 
At 60"C (Fig. 5d), detachment of the peripheral myo-
fibers from the sarcolemma (arrows) and some disintegra-
tion of the myofilamenteous structure have occurred. 
Coagulated sarcoplasmic proteins can be seen, as red 
granulated material, in Figures 5c, d, f and g. The 
amount of extracellular red granulates increased with in-
creasing temperature. This in accordance with the transi-
tion of sarcoplasmic proteins occurring at 45, 57 and 
67"C (Hastings et al., 1985). At a higher magnification 
of muscle heated at 70"C (Figs. 5f and g) , it may look as 
there are ruptures (indicated by arrowheads) in the cellu-
lar membranes. Spaces inside the myofibers separate 
groups of myofibrils , and there is a clear connection be-
tween these large spaces and the intra- and extracellular 
spaces by small canals . Granulated sarcoplasmatic pro-
teins can be observed both in the inter- and intracellular 
space when using differentia] interference contrast optics 
as shown in Figure 5g. Lampila and Brown (1986) pro-
posed that a rupture of the cellular membranes, or a 
weakening of the same occurring during heat treatment, 
might facilitate the outward movement of intracellular 
constituents and enhance the degree of granulation. AI; 
previously mentioned, the water loss decreased concomi-
tantly with the appearance of the interstitial granulated 
material. The reason for the reduced water loss may be 
that aggregates of sarcoplasmic proteins and collagen are 
able to hold water and/or plug the intercellular capillaries, 
thus preventing water from being released during centri-
fugation. 
According to the micrographs in Figures 3, 4 and 5, 
the structura1 changes caused by beat treatment are quite 
similar in coarsely chopped and whole muscle regard less 
of the preparation technique. Structural changes happen-
ed at lower temperatures for the cod muscle than the 
salmon muscle in accordance with the water loss. From 
our work, it is not possible to explain the differences in 
liquid losses between cod and salmon muscles. 
The content of collagen in fish muscle varies consid-
erably from species to species, and even within a species 
there is a seasonal variation as the body reserves are de-
pleted during spawning and migration (Love, 1988). 
There is a significant effect of collagen on liquid released 
upon heating which oUght affect the sensory properties of 
cocked fish. Further studies should be carried out to 
study the relationship between microstructure and func-
tional properties of fish products caused by structura1 
changes of collagen during processing under various 
conditions. 
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Conclusions 
The similarities between the plastic sections and the 
cryo-sections imply that the heat-induced morphological 
changes discussed above are true and not induced during 
preparation. Hence, there is a relationship between the 
water-holding capacity of the fish muscle and the tissue-
specific structural changes which occurred during heating. 
At low temperatures, concomitantly with increasing water 
loss, the pericellular connective tissue underwent the most 
striking change. Maximum water loss was attained corre-
spondingly with the appearance of transverse shrinkage of 
the muscle cells, intercellular gaps and widening of the 
extracellular spaces. The water loss decreased as a func-
tion of temperature when extracellular, granulated mate-
rial became visible. 
Acknowledgements 
Ragni Ofstad particularly wishes to express her grati-
tude to Kristin Lauritzen, Inge Karsteinsen and Randi 
Olsen for their assistance. The Norwegian Fisheries 
Research Council and Norwegian Institute of Fisheries 
and Aquaculture, Tromse, are warmly thanked for their 
financial support. 
References 
Aitken A, Connell JJ. (1979). Fish. In: Effect of 
Heating on Foodstuffs. Priestley RJ (ed.). Applied 
Science, Loodon, 219-254. 
AlmAs KA. (1982). The muscle cell envelope of cod: 
ultrastructure and chemical composition. Dr. Ing. thesis, 
Univ. of Trondheim, Norway. 
Aman MB. (1983). Effect of cooking and preserva-
tion methods on the water holding capacity (WHC) of 
mullet ftsh in relation with changes occurred in muscle 
proteins. Z. Lebensm. Unters. Forsch. 177, 345-347. 
Aodo M, Toyohara H, Shimizu Y, Sakaguchi M. 
(1991). Post-mortem teoderization of rainbow trout (On-
corhyncus mykiss) muscle caused by gradual disintegra-
tion of the extracellular matrix structure. J. Sci. Food 
Agric. 55, 589-597. 
Bello AR, Luft JH, Pigott GM. (1981). Improved 
histological procedure for microscopic demonstration of 
related changes in fish muscle tissue structure during 
holding and freezing. J. Food Sci. 46, 733-737, 740. 
Bremner HA, Hallet !C. (1985). Muscle fiber-con-
nective tissue junctions in the fish blue grenadier (Macru-
ronus novaezelandiae) . A scanning electron microscope 
study. J. Food Sci. 50, 975-980. 
Bremner HA, Hallet !C. (1986). Degradation in mus-
cle fibre-connective tissue junctions in the spotted trevalla 
(Seriolellll punctata). Examined by scanning electron 
microscopy. J. Sci. Food Agric. 37, 1011-1018. 
Hallet IC, Bremner HA. (1988). Fine structure of the 
myocommata-muscle fibre junction in Hoki (Macruronus 
172 
novaeze/muiiae). J. Sci. Food Agric. 44, 245-261. 
Hamm R. (1985). The effect of water on the quality 
of meat and meat products: problems and research needs. 
In: Proceedings of Third International Symposium on 
Properties of Water in Relation to Food Quality and 
Stability. Simatos JL, Mutton JL (eds.). M. Nijhoff 
Pub!., Dordrecht, Netherlands, 59Hi02. 
Hasting R, Rodger GW, Park R, Matthe AD, 
Aoderson EM. (1985). Differential scanning calorimetry 
of fish muscle: The effect of processing and species 
variation. J. Food Sci. 50, 503-506, 510. 
Hatae K, Yoshimatsu F, Matsumoto JJ. (1984). Dis-
criminative characterization of different texture profiles of 
various cooked fish muscles. J. Food Sci. 49, 721-726. 
Hatae K, Yoshimatsu F, Matsumoto JJ. (1990). Role 
of muscle fibers in contributing firmness of cooked fish. 
J. Food Sci. 55, 693~96. 
Hennansson AM. (1986) Water- and fat holding. In: 
Functional Properties of Food Macromolecules. Mitchell 
JR, Ledward DA (eds.). Elsevier, 273-314. 
Honikel KO. (1989) The meat aspects of water and 
food quality. In: Water and Food Quality. Hardman TM 
(ed.). Elsevier, 277-304. 
Howgate P. (1979). Fish. In: Food Microscopy, 
Vaughan J (ed.), Academic Press, Loodon, 341-392. 
Kanoh S, Polo JMA, Kariya Y, Kaneko T, Watabe 
S, Hashimoto K. (1988). Heat-induced textural and histo-
logical changes of ordinary and dark muscle of yellowfm 
tuna. J. Food Sci. 53, 673~78. 
Lampila LE, Brown WD. (1986). Changes in the mi-
crostructure of skipjack tuna during frozen storage and 
heat treatment. Food Microstruc . 5, 25-31. 
Love RM. (1988). The Food Fishes: Their Intrinsic 
Variation and Practical Implications. Farrand Press, 
Loodon, 3-42. 
Offer G, Trinick J. (1983). On the mechanism of 
water holding in meat: The swelling and shrinking of 
myofibrils. Meat Sci. 8, 245-381. 
Offer G, Knight P, Jeacocke R, Almood R, Cousins 
T, Elsey J, Parsons N, Sharp A, Starr R, Purslow P. 
(1989). The structural basis of the water-holding, appear-
ance and toughness of meat and meat products. Food 
Microstruc. 8, 151-170. 
Rustad T. (1992). Muscle chemistry and quality of 
wild and farmed cod. In: Quality Assurance in the Fish 
Industry. Huss HH, Jacobsen M, Liston J (eds.). 
Elsevier, 19-27. 
Sato K, Yoshinaka R, Sato M, Tomita J. (1989). 
Biochemical characterization of collagen in myocommata 
and endomysium fraction of carp and spotted mackerel 
muscle. J. Food Sci. 54, 1511-1514. 
Sato K, Ohashi C, Ohtsulci K, Kawabata M. (1991). 
Type V collagen in trout (Salmo gairdnen) muscle and its 
solubility change during chilled storage of muscle. J. 
Agric. Food Chern. 39, 1222-1225. 
Heat-Induced Liquid Loss and Structural Changes of Fish Muscle 
Schaller DK, Powrie WD. (1972). Scanning electron 
microscopy of heated beef, chicken and rainbow trout 
muscles. J. Inst. Can. Sci. Techno!. Aliment. 5, 184-190. 
Schnepf M. (1989). Protein-water interactions. In: 
Water and Food Quality. Hardman TM (ed.). Elsevier, 
135-168. 
Shindo K, Tsuchiya T, Matsumoto JJ. (1986). Histo-
logical study on white and dark muscle of various fishes. 
Bull. Japan. Soc. Sci. Fish. 52, 1377-1399. 
Sikorski ZE, Scott DN, Buisson DH. (1984). The 
role of collagen in the quality and processing of fish, 
Crit. Rev. Food Sci. Nutr. 20, 301-343. 
Suzuki T. (1981). Fish and Krill Protein: Processing 
and Technology. Applied Science, London, 1-61. 
Wilding P, Hedges N, Lillford P. (1986). Salt-in-
duced swelling of meat: The effect of storage time, pH, 
ion-type and concentration. Meat Sci. 18, 55-75 . 
Discussion with Reviewers 
P. Wilding: In their discussion the authors state there is 
a significant effect of collagen on liquid released upon 
heating thus affecting the sensory properties of cooked 
fish. However, in this paper the liquid loss following 
heating was measured by applying a centripetal force and 
therefore may not equate with losses that occur during 
cooking. Therefore, how relevant is the data presented 
here to the sensory properties of cooked fish? 
Authors: The water loss was determined after a mild 
centrifugation which apparently did little damage to the 
gross structure of the samples. Hennansson and StrOm 
(1989) have shown that the moisture loss which W<es 
place spontaneously on heat treatment and cooling of 
meat model systems are smaller, but corresponds with the 
moisture loss after the mild centrifugation included in the 
net test. The relationship between water loss and sensory 
properties should be studied further. 
L.E. Lampila: What is the fat content of the cod 
muscle? 
Authors: The fat content of wild cod muscle is about 
0.7%. Most of it is phospholipids in membranes (Love, 
1988) . The fat content of farmed cod muscle is the same 
as in the muscle of wild cod (unpublished results). 
L.E. Lampila: Could the authors use their observations 
to measure the degree of swelling of collagen and its sub-
sequent shrinkage at higher temperatures and to measure 
the degree of muscle cell shrinkage through the thermal 
transitions (5°C to 70°C). 
Authors: We can not use our material to measure these 
parameters. The material is not homogeneous; the heated 
samples consists of muscles of 5 different individuals and 
are taken from slightly different areas of the fish . Thus, 
the micrographs shown at different temperatures are from 
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different cells. According to Love (1988) both the fiber 
diameter and the amount of connective tissue will vary 
along the fillet and between the individuals. To measure 
the degree of swelling/shrinkage of collagen and the 
degree of muscle cell shrinkage during beat treatment 
would either require several hundred samples to be 
significant (Kryvi et al., 1985), or that we were able to 
follow the structural changes of the same cells during 
heating. 
L.E. Lampila: lf there is physical damage due to pres-
sure from swelling at lower temperatures; then is it pos-
sible that its effect is exacerbated as more protein de-
naturation occurs with rising temperatures? 
Authors: Yes, it is reasonable to believe that all weak 
areas will be more easily damaged at higher temperatures. 
L.E. Lampila: Would the main transition temperatures 
of collagen, myosin and actin be different in the cod 
studied (pH 6.22) from those observed by Hastings et al. 
[(1985), (pH 7.0)]? 
Authors: According to Hastings and Rodger (1985), the 
transition temperatures of myosin and actin decreased 
progressively in the pH range 5.0 to 8.0. However, the 
differences between pH 6.0 and 7.0 are small and proba-
bly smaller than differences in T max caused by different 
expt:rirueut.a.l procOOures and raw materials. 
A. Bremner: Were the fish at a comparable stage of de-
velopment? Fast growing fish in aquaculture often exhib-
it soft or slack muscle tissue if harvested at a stage of a 
gro\VIh spurt. Would this account for the difference 
between species? 
Authors: Both the cod and salmon were quite big fish 
which had been in cult ivation for a long time, and had 
stabilized. However, the cod was mature, whereas, the 
salmon was not. The functional properties of the fish 
flesh will depend on the biological status of the fish 
(Love, 1988) . The effect of development stage on the 
functional properties of the muscle should be investigated, 
but in our opinion it has to be done with the same fish 
species. 
P . Wilding: The authors found a large difference in the 
water loss that occur when cod is heated compared to 
salmon flesh. Do the authors have any hypothesis con-
cerning the origin of this difference in behaviour? 
A. Bremner: Ando et al. (1992) reported detectable 
changes in the pericellular collagen of rainbow trout 
within 24 hours storage (5°C) after death. If similar 
changes are so rapid in salmon and cod then the timing of 
the sampling in experiments such as the one reported here 
becomes critical. Indeed, it is possible that the 
differences between species are a function of differing 
rates of deterioration in the pericellular collagen! 
R. Ofstad, S. Kidman, R. Myklebust and A.-M. Hermansson 
Another point concerns the nature of the pericellular 
layer, in particular the collagen. Although the shrinkage 
temperature of fish collagen (type I) is near 40'C the 
melting temperature is much lower, nearer 20°C and this 
may be sufficient to alter the physical properties of this 
layer which present a physical barrier to release of fluid. 
Furthermore, the collagen in the pericellular layer may, 
at least in part, be type V collagen. The melting and 
shrinkage temperatures for fish type V collagen are not 
yet known, but they may be lower than that for the type 
I which AlmAs (1982) reported in the muscle cell en-
velope of cod. Different proportion of the collagen 
species or in their molecular configurations in the two 
species may help account for the considerable differences 
in liquid loss on heating. Also, the chain structure of the 
collagen can alter the melting temperature. Human type 
V collagen with a 1, a:2, a:3 molecular chain structure 
exhibited temperature transitions about 2 °C lower than 
those for the a!, a2 chain structure (Morris et al., 1990). 
Authors: We appreciate these very useful conunents. 
The swimming habit of cod and sahnon is quite different 
and this might account for the different properties of the 
connective tissue. One possible explanation for the dif-
ferent water loss may be due to different amounts of the 
collagen types (type I and V) in the pericellular tissue 
which may affect the stability . We observed from the 
plastic-embedded muscle samples, that the structural 
changes of pericellular tissue occurred at higher tempera-
tures in the sahnon than in the cod-muscle as did the 
water loss . However, in salmon there is a lot of both 
intra- and extracellular fat in the muscle which also might 
influence on the water loss upon heating. 
A. Bremner: Where do the authors consider the liquid 
came from? Is it fmm the sarcoplasm or does it arise 
from the loss of water binding properties of the actomyo-
sin due to beat or to both these factors? Do the authors 
consider it possible to use assays of enzyme activity on 
liquid extracts possible in conjunction with electrophoresis 
to try to ascertain where the liquid originates. 
The basal lamina (basement membrane) is the cell 
barrier responsible in vivo for controlling fluxes and ion 
movements in and out of the cells. Disruption by heat to 
the basement membrane, either in the type N collagen or 
in the linking fibrillar structures or in the proteoglycans 
may alter the permeability of this barrier and allow fluid 
escape. Do the authors have material they could inspect 
by transmission electron microscopy (TEM) at high 
magnification to look for changes in the basal lamina and 
in the linking structures at various temperatures. 
Authors: We think that the liquid loss is both from the 
sarcoplasm and from the liquid held by the myofibrils. 
The proportion between them might vary as a function of 
temperature. It may be possible to determine the origin 
of the released liquid by use of enzymatic assays or elec-
trophoretic techniques. Presently we are investigating 
these points by looking at the relationship between 
functional properties and structure of fish muscle. In-
spection of the material with TEM is also a possibility. 
T.A. Gill: What proof do we have that sarcoplasm stains 
red? It would appear to me that it is im}XIssible to 
determine whether the red material is aggregated 
sarcoplasm or fragments of myofibrils. 
Authors: The Polychrome-method stains both myofibril-
Jar and sarcoplasmatic proteins bluish-red. We quite 
agree that it is difficult to determine whether the red 
material is aggregated sarcoplasm or fragments of myo-
fibrils, particularly in the coarsely chopped and heated 
salmon sample in Figure 4h. Schaller and Powrie (1972) 
have shown that when the sarcoplasm was removed from 
intact beef muscle by centrifugation or extraction, no 
granular material was found in the heated tissue. Heated 
beef sarcoplasm had a granular appearance; the diameters 
of the granules were similar to those in heated intact beef 
muscle. A similar observation was done of heated tuna 
muscle by Lampila and Brown (1986). We therefore 
believe that the red, granulated materials seen in Figures 
4 and 5 are either aggregated sarcoplasmic proteins or a 
mixture of sarcoplasmic proteins and, as suggested by 
you, fragments of myofibrils. 
T .A. Gill: Could it be that heating results in thermal 
gelation of some of the cellular proteins and that the gel 
matrix so formed holds water? 
Authors: Heating will results in gelation of the myofi-
brillar proteins which are mainly located within the myo-
fibers at this low ionic strength. The aggregates of re-
leased sarcoplasmic proteins and fragments of myofibrils 
mixed within gelatin, probably stabilize the total 
struchlre. 
Additional Rererences 
Ando M, Toyohara H, Sakaguchi M. (1992). Post-
mortem tenderization of rainbow trout muscle caused by 
the disintegration of collagen fibers in the pericellular 
connective tissue. Nippon Suisan Gakkaishi 58, 567-570. 
174 
Hastings R, Rodger GC . (1985). Differential scan-
ning calorimetry of frozen cod: pH effects. In: Proc. 
International Institute of Refrigeration, 4, 283-286. 
Hermansson AM, Strom S. (1989). Presalting of 
meat raw materials. In: Proc. 35th International Congress 
of Meat Science and Technology, 3, 776-780. 
Kryvi H, Totland GK, Ulriksen D, Slinde E. (1985). 
The distribution of connective tissue content in swinuning 
muscle of cod (Gadus morhua) Z. angew. Ichthyol. 2, 
71-76. 
Morris N, Watt S, Davis J, Biicbinger HJ. (1990). 
Unfolding intermediates in the triple helix to coil transi-
tion of bovine type XI collagen and human type V colla-
gens al2a2 and ala2a2. J. Bioi Chern. 265, 10081-10087. 
